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UNITED STATES 
DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY 
Technical Letter 

Crustal Studies-13 
A~gus t 23, 1963 

PRELIMINARY STUDY OF FIRST MOTION FROM 

NUCLEAR EXPLOSIONS RECORDED ON SEISMOGRAMS IN THE FIRST ZONE* 

By 

J. H. Healy** and G. B. Mangan** 

Introduction. The U. S. Geological Survey has recorded more 

than 300 seismograms from more than 50 underground nuclear explosions. 

Most were recorded at distances of less than 1,000 km. These seismo-

grams have been studied to obtain travel times and amplitudes which 

have been presented in reports on crus tal structure and in a new 

series of nuclear shot reports. 

This report describes preliminary studies of first motion of 

seismic waves generated by underground nuclear explosions. Visual 

inspection of all seismograms was made in an attempt to identify 

the direction of first motion . and to estimate the probability of 

recording detectable first motion at various distances for various 

charge sizes and i n different geologic environments. In this study, 

a characteristic pattern of the first phase became apparent on seismo-

grams where first motion was clearly recorded. When an interpreter 

became familiar with this pattern, he was frequently able to identify 

* Work performed under ARPA Order No. 193-61. 

** u. s. Geological Survey, Denver, Colorado. 
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the polarity of the first arrival even t hough the direc t ion of 

first motion could not be seen clearly on the seismogram. In 

addition, it was sometimes possible to recognize this pattern 

for secondary arrivals of larger amplitude. 

These qualitative visual observations suggest that it might 

be possible to define a simple criterion that could be used in 

a digital computer to identify polarity, not only of the first 

phase, but of secondary phases as well. A short segment of re

cordings near the first motion on 56 seismograms was digitized 

on an optical digitizer. Spectral analyses of these digitized 

recordings were made to det ermine the range of frequencies present, 

and studies were made with various simple digital filters to explore 

the nature of polarity as a function of frequency. These studies 

have not yet led to conclusive results, partly because of inaccu

rac ies resulting from optical digitization. The work is continuing, 

using an electroni c digitizer that will allow study of a much larger 

samp le of more accurat ely digitized data. 

VISUAL I NSPECTION FOR DETERMINATION OF THE DIRECTION OF 

FI RST MOTION 

Inst r umental fr equency response. The frequency response of 

equ ipment u sed to make recordings wi ll have an e ffect on the charac

ter of recorded first motion. Amplifiers i n the equipment used by 

the Geological Survey have a flat response from 1 to 300 cps. 
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Adjustable bandpass filt ers permit use of a high~cut fi lter of 

9 or 13 cps which was found effective for recording seismic waves 

from nuclear explosions. For almost all recordings, high-frequency 

noise requires the use of a high-cut filt er of 37 cps or lower. 

A Hall-Sears 2-cps seismometer was used to make most of the re 

cordings. The response of the combined seismometer-amplifier 

system with a 9 cps high-cut filter is shown in Figure 1. 

Several nuclear exp l osions were recorded at AFTAC s t ations 

to compare performance of Geological Survey instruments with 

standard earthquake seismic instruments. In general, these re

cordings were similar, except that the Geological Survey instru

ments gave a slightly better high-frequency response than the 

AFTAC instrument s. The AFTAC seismograms show more low-frequency 

energy, particu larly on t he later phases (Figure 2) . 

The pattern of the first arrival. A characteristic pattern 

of the first arrival is frequently ob served on seismograms recorded 

from high-explosive charges. This pattern consists of a relatively 

weak up-break fol l owed by a sharper, large amplitude down-break, 

and then by another upward motion roughly equa l in amplitude to 

the first downward motion (Figure 3). A similar pattern occurs 

for nuclear explosions but a t lower frequencies (Figure 4). 

Visual estimat ion of first motion on t he seismogram. Using 

the first-arrival pat ter n described above and a criterion based 
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on signal-to-noise ratio, three experienced seismic interpreters 

examined a large number of seismograms and graded them as follows: 

Good - a seismogram on which the first motion is clearly 

defined , 

Fair - a seismogram on which the first motion is indeter

minate but on which, in the interpreter 's judgment, 

the first energy recorded represented t he first 

arrival, 

Poor - a seismogram on which some arrivals were recorded 

but in the interpreter's judgment do not represent 

the first arrival, 

NA - a seismogram on which no detectable phases were 

recorded. 

Only the monitor seismograms were used to make this evaluation. 

When playbacks of the magnetic-tape recordings are made, it has 

sometimes been possible to recover the direction of first motion 

on "Fair" recordings. It is usually not possible to recover the 

direction of first motion on "Poor" recordings. Figure 5 shows 

a ll recording positions at which seismic waves from nuclear ex

plosions were recorded, and the symbols indicate the grade for 

seismograms made at these locations. Figure 6 shows the record

quality distribution as a function of distance, and Figure 7 shows 

the record-quality dist ribution as a function of charge size. 
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It is interes ting to speculate how these statistics might 

compare with the operation of a detection system. It wou ld be 

extremely difficult to make a statistical evaluation of all factors 

that affec t detec tion of first motion in a proposed detection 

system. The data presented here represent the recording of many 

sizes of shots in a number of different geologic environments. 

In general, no attempt was made to record shots smaller than 1 or 

2 kt. The larger shots were recorded at the greater di stances . 

Recording sites were selected by experienced observers, bu t in a 

relatively short period of time. The careful selection of re

cording sites after a very detailed regional study would improve 

the results. Considering these factors, and considering that no 

attempt was made to conceal these explosions, the authors feel 

that the statistics presented here represent an optimistic esti

mate of the probability of recording first motion in the first 

zone. 

PRELIMINARY STUDIES OF DIGITIZED SEISMOGRAMS 

Spectral analyses . The spectral distribution of seismic 

energy has an important effect on the detection of first motion. 

Of particular interest in this regard is the marked change i n 

frequency content between first and third zone recordings. This 

effect is clearly illustrated in Figure 8, which shows magnetic

tape playbacks of recordings made, using Willmore 1-cps seismometer~ 

of waves generated by HAYMAKER and by another nuc lear event recorded 

2800 km from the Nevada Test Site. The se playbacks show no recorded 
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energy above 3 . 5 cps. The lower part of Figure 8 , the HAYMAKER 

event recorded at 706 km, shows tha t most of the seismic energy 

is above 3 cps. Because of this extreme change in frequency 

content between the first and the third zones, it should be recog

nized that the problem of detecting t he direct ion of the motion 

in the first zone is essentially different from the problem of 

detecting the direction of first motion in the third zone. 

Spectral analyses were performed on digital samples that 

included the first motion from 56 seismograms. The digital sample 

consisted of 2 or 3 seconds of the recording, with the first recog

nizable energy approximately in the middle of the digitized window. 

Figures 9 and 10 show some typical results of these analyses. 

Because visual inspection of the seismograms had indicated that 

energy above 10 cps tended to obscure the first motion rather 

than c larify it, it was decided to pre-filter these data with a 

9-cps high-cut filter. Consequent ly, no conclusions can be drawn 

about the spectrum above 9 cps. On the low-frequency side, the 

seismometer response begins to fall off at 2 cps. Because of the 

short length of the digitized sample, it was not considered 

possible adequately to de-trend the data. Conclusions about the 

spectrum below 2 cps must be limited to the observation that there 

seems to be significant energy below 2 cps on all samples . 

An attempt to discover the polarity of fir st motion by the 

use of digital fil ters. In theory, an inverse filter can be 

14 
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constructed that will reproduce the motion at the source and 

determine its polarity. In practice, this is usually imposs ible 

because of inadequate knowledge of earth structure and the inter-

ference of seismic noise. A number of lines of reasoning suggest 

that a low-pass digi tal filt er consis ting of a moving integration 

window might be useful in identifying first motion and polarity. 

From another viewpoint, one could say that looking at seismograms 

through a number of spectral windows might assist the interpreter 

in identifying the polarity of the seismogram when polarity had 

been obscured on the wide-band seismogram. 

As a first attempt in exploring these possibilities, seismo-

grams were passed through a digital filter which may be specified 

as follows: 

I + 1/2 W 
Filtered Trace (I) = Recorded Trace (J) 

J = I - 1/2 W 

Window lengths of 1/2 and 1 second wer e u sed , and each trace was 

passed through the filter three times. This operation provides a 

zero-phase-shift low-pass filter with each pass through the filter 

giving an increasingly sharp cutoff for periods longer than the 

window length. Because of the short window available in the digi-

tized data, and the low response of the instruments to frequencies 

below 1 cycle, the 1/2-cps window proved more e f fective than the 

1 cps window. Figure 11 shows the results of this filtering process 

on several seismograms. 
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The following procedure was used to est imate the polari t y on 

the 56 samples: The trace consisting of a double pass through the 

1/2-sec window filter was compared with the original seismogram. 

The time of the f irst arriva l wa s pi cked from the or iginal seismo

gram and the polarity of the f i l tered trace was r ecorded at th is 

time. Thirty percent of the samples show a net pos itive polarity, 

13 percent show a negative polarity, and 54 percent are i nc lusive. 

Al t hough present results are inconclusive , t hey are encouragi ng 

enough to proceed with this type of analysis on a larger sample of 

data and with the more accurate digital proces s provided by new 

electronic-digitizing equipment. This analysis will consist of 

the following steps : 

1. Identification of an arrival on the seismogram using 

the part of the spectrum above 5 cycles (high-frequency). 

2. Examination of the polarity of the low-frequency part 

of the spectrum at the time of this arrival. If the 

low-frequency r ecord i s obt ained by filtering through 

a zero- phase- shift f il ter , it shou ld tend to show the 

net polarity of t he arr i va l. 
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